Abstract. We examine the influence of land-atmosphere interactions, as moderated by soil moisture anomalies, on variability of the North American Monsoon System (NAMS). Sensitivity experiments, in which soil moisture was prescribed to field capacity, were completed with the MM5 mesoscale model linked to the OSU land surface scheme. Our results demonstrate that the NAMS precipitation response to soil moisture forcing depends critically on the location of anomalous surface conditions. Wet soil in the southern Rocky Mountains (SRM) during July, which could result from the melt of an above-normal snowpack, inhibits precipitation in the NAMS region. This is consistent with the observed negative correlation between SRM spring snowcover and NAMS summer precipitation [Gutzler and Preston, 1997]. In contrast, wet soil in the NAMS region enhances July precipitation within that arearea positive soil moisturerainfall feedback exists. Our findings must be tested with experiments that incorporate anomalies constrained by regional-scale soil moisture observations.
Introduction
Much of the precipitation in the southwestern U.S. and northwestern Mexico occurs between July and September [Douglas et al., 1993] . The North American Monsoon System (NAMS) is the source of much of this precipitation (Figure l a). Year-to-year fluctuations in NAMS strength are substantial and influence various natural and human systems. Higgins et al. [ 1998] found that precipitation variability in the NAMS region is linked to conditions in the eastern tropical Pacificapositive (negative) SST anomalies favor wet (dry) winter/spring conditions and dry (wet) summer conditions. SST anomalies in other regions could also be important. Land surface processes may also affect NAMS variability. In this study, we test the hypothesis that land-atmosphere interactions, as moderated by soil moisture anomalies, influence variability of the NAMS.
Land-atmosphere interactions may influence NAMS variability because the land surface state affects the surfaceatmosphere fluxes of water and energy. Soil moisture strongly controls the magnitude of these fluxes [e.g., Yeh et al., 1984] . The soil moisture reservoir evolves on timescales as long as months or years, and therefore acts as a source of long-term "memory" [Entekhabi et al., 1992 ] that may influence the atmosphere in two different ways. First, it is hypothesized that a positive soil moisture-rainfall feedback exists within some areas--wet (dry) soil enhances (inhibits) precipitation in that We compared results from a "Control" simulation to observations to assess the performance of the model in simulating the NAMS. Soil moisture evolved freely during this experiment. A "Mts-Wet" simulation was completed to explore the influence of above-normal soil moisture in the SRM on NAMS precipitation. Soil moisture was prescribed to field capacity across the SRM region (Figure lb) throughout the experiment to represent the outcome of melt of an abovenormal snowpack. This anomaly could also result from above-normal summertime precipitation in the SRM region. We also completed a "NAMS-Wet" simulation to examine the influence of above normal soil moisture content within the NAMS region. This simulation is identical to the control during June. Beginning on July 1, we fixed the soil moisture content at field capacity across the NAMS region (Figure 1 c) The 1995 monsoon season was drier than normal (Table 1) . The NCEP Reanalysis data shows that the 1995 June-to-July changes in atmospheric conditions associated with monsoon onset [Higgins et al., 1998 ] were relatively weak. These are reproduced in the Control case, including (1) growth of a weaker than normal upper-troposphere ridge, (2) a shift from westerly to easterly mid-tropospheric winds, and (3) increased precipitable water.
The model also reproduces the onset of monsoon precipitation in July and the associated decrease in Great Plains precipitation [Higgins et al., 1998] (Figure 2, Table 1) . However, the magnitude of the June-to-July precipitation increase over the NAMS region is greater than that in the Global Precipitation Climatology Project (GPCP) dataset (Table 1 ). During July, the simulated pattern of precipitation is similar to the GPCP pattern over land (Figure l a) . The greatest precipitation occurs over the southern portion of the NAMS region, with high values extending along the Sierra Madre Occidental. The simulated precipitation is greater than observed over these mountains, perhaps reflecting the coarse resolution (2.5 degrees) of the GPCP data, resulting in an average bias throughout the NAMS region of-50% (Table 1) Wet soil raises the latent heat flux and reduces the sensible heat flux by nearly equal amounts, resulting in a decrease in surface temperature of 1.8 øC (Table 2) . Net radiation and available energy are nearly unchanged (Table 2) , so it is the change in partitioning of available energy between latent and sensible heat that drives the simulated changes in atmospheric circulation and precipitation.
Reduced sensible heating of the atmosphere in the SRM produces circulation changes similar to the anomalies observed during dry years [Higgins et al., 1998 ]. Reduced sensible heating leads to (1) Prescribing soil moisture to field capacity yields larger SEB changes in the NAMS region than in the SRM (Table 2) because NAMS soil is dryer in the control. An increase in latent heat flux is balanced by a decrease in sensible heat flux, yielding a decrease in surface temperature of nearly 3 øC ( Table 2) NAMS precipitation is sensitive to the distribution of soil moisture and latent heating, so an accurate representation of the land surface state is a necessary element for a successful NAMS simulation. Limited data exist to assess if simulated land surface conditions are reasonable and to apply as temporally evolving boundary conditions. Therefore, additional surface and remotely sensed land surface data are needed to further our understanding of the NAMS.
We have treated the feedbacks in the SRM and NAMS regions independently, but linkages between these mechanisms may exist. First, the SRM influence on NAMS rainfall may trigger the positive feedback within the NAMS region. For example, below-normal soil moisture in the SRM enhances summertime NAMS precipitation, which could then be sustained or intensified by the soil moisture-rainfall feedback (Figure 3) . Second, season-to-season memory of SST anomalies, via their influence on the atmospheric state over North America, could force both linkages to moderate monsoon precipitation in the same direction concurrently, particularly if SST anomalies yield opposing precipitation responses during winter/spring and summer [Higgins et el., 1998 ]. For example, if negative SST anomalies limit snowcover but enhance monsoon precipitation, both landatmosphere linkages could enhance summertime NAMS precipitation concurrently. Therefore, unraveling the sources of NAMS variability requires consideration of the interactions between the atmosphere, land, and ocean.
